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The activity of the stress-responsive o factor, ¢, is induced by the extracytoplasmic accumulation of
misfolded or unfolded protein. The inner membrane protein RseA is the central regulatory molecule in this
signal transduction cascade and acts as a o®-specific anti-o factor. Here we show that ¢F activity is primarily
determined by the ratio of RseA to oF. RseA is rapidly degraded in response to extracytoplasmic stress,
leading to an increase in the free pool of o® and initiation of the stress response. We present evidence that the
putative inner membrane serine protease, DegS, is responsible for this regulated degradation of RseA.
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The cellular response to stress is one of the most highly
conserved regulatory responses among all organisms.
The exposure of cells to stresses such as heat shock leads
to the accumulation of partially and fully denatured pro-
teins that interfere with normal cellular function. This
accumulation of misfolded and unfolded protein leads to
the transcriptional induction of a conserved set of pro-
teins known as heat shock proteins (Bukau 1993; Yura et
al. 1993; Becker and Craig 1994; Georgopoulos et al.
1994; Gross 1996). The heat shock proteins include chap-
erones, folding catalysts, and proteases that act to pro-
mote the refolding or degradation of misfolded proteins
(Bukau 1993; Yura et al. 1993; Becker and Craig 1994;
Georgopoulos et al. 1994; Gross 1996). Whereas the ac-
tivities and transcriptional regulation of the heat shock
proteins have been well characterized, comparatively
little is known about the exact nature of the signal gen-
erated by stress and how this signal is conveyed to the
transcriptional regulators of the stress response.

The hallmark of the Gram-negative bacterial cell is
the existence of two membrane-bound subcellular com-
partments—the cytoplasm and the periplasm. Condi-
tions in each of these compartments differ markedly.
The cytoplasm is energy rich, reducing, and osmotically
stable, whereas the periplasm lacks ATP, is oxidizing,
and is in contact with the external milieu (Nikaido
1994). Because optimal cellular growth requires that the
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cell be able to sense and respond to changes in these
disparate subcellular compartments, it is not surprising
that the stress response in the Gram-negative bacterium
Escherichia coli is compartmentalized into cytoplasmic
and extracytoplasmic responses. The cytoplasmic re-
sponse is governed by the alternate o factor o3 (Gross-
man et al. 1984; Landick et al. 1984; Yura et al. 1984),
whereas the extracytoplasmic response is controlled by
two partially overlapping signal transduction cascades,
the o® and Cpx systems (Erickson and Gross 1989; Wang
and Kaguni 1989; Mecsas et al. 1993; Danese et al. 1995;
Connolly et al. 1997).

Cells are believed to sense stress by monitoring the
protein folding pathways in various cellular compart-
ments. This is often achieved by incorporating chaper-
ones and/or proteases directly into the signal transduc-
tion cascade (McMillan et al. 1994). For example, the
activity of o> is controlled by both chaperone-mediated
inactivation and regulated proteolysis. The chaperones
DnaK and DnaJ bind reversibly to ¢®* to inhibit its func-
tion (Straus et al. 1989), and cellular stress is thought to
be monitored by the competition between 0** and mis-
folded or unfolded proteins for binding to this chaperone
complex (Straus et al. 1990; Craig and Gross 1991; Bukau
1993). In addition, the regulated degradation of 0> by the
essential inner membrane protease HfIB has a key role in
the initial response to stress. Interaction with chaper-
ones may be responsible for targeting o> for degradation
by HfIB (Tomoyasu et al. 1993, 1995; Herman et al.
1995). Release of o> from chaperone-mediated inactiva-
tion in combination with stabilization of the o factor
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lead to an increase in both the activity and amount of o>
in the cell in response to heat shock. Temperature itself
also has a role in the regulation. Inhibitory secondary
structures in o> mRNA are relieved by high tempera-
ture, thereby selectively increasing the translation of o3>
(Morita et al. 1999).

In contrast to the regulation of the o**-mediated re-
sponse, relatively little is known about the regulation of
the o®-mediated stress response. Stresses that result in
general protein unfolding (e.g., heat) activate both o3>
and oF (Grossman et al. 1984; Erickson et al. 1987; Straus
et al. 1987; Erickson and Gross 1989; Wang and Kaguni
1989; Rouviere et al. 1995), whereas stresses that result
in the specific accumulation of misfolded proteins in the
periplasmic space (e.g., overexpression of outer mem-
brane proteins), uniquely induce o (Mecsas et al. 1993;
Raina et al. 1995; Missiakas et al. 1996; Rouviere and
Gross 1996). The mechanism by which the periplasmic
accumulation of unfolded protein is conveyed across the
inner membrane to oF is largely unknown. To date, two
main regulators of ¢ have been identified. The inner
membrane protein RseA is the central regulator of o®
activity. Deletion of the gene encoding RseA leads to
maximal induction of of under nonstress conditions,
and RseA is capable of signaling periplasmic stress in the
absence of the other known regulator of o* (De Las Pefias
et al. 1997b; Missiakas et al. 1997). The cytoplasmic face
of RseA binds to o® and inhibits o®-directed transcrip-
tion under nonstress conditions (De Las Penas et al.
1997b; Missiakas et al. 1997). The periplasmic face of
RseA binds to a second negative regulator of ¢®, RseB (De
Las Penas et al. 1997b; Missiakas et al. 1997). Deletion of
the gene encoding RseB leads to only a slight (twofold)
increase in oF activity, and it is thought that the inter-
action between RseB and RseA acts to fine-tune RseA
activity (De Las Pefias et al. 1997b; Missiakas et al.
1997). The genes encoding ¢®, RseA, and RseB lie in a
single operon and are transcribed primarily from a o"-
dependent promoter (De Las Penias et al. 1997b; Mis-
siakas et al. 1997).

The central event in the initiation of the o®-mediated
stress response is the inactivation of RseA. Here we
show that ¢® activity is determined by the relative levels
of ¢ and RseA in the cell and that RseA is regulated by
controlled proteolysis. We present evidence that the pu-
tative inner membrane serine protease DegS is respon-
sible for the regulated degradation of RseA.

Results

Changes in oF activity result from changes
in the cellular levels of o* and RseA

It is likely that the activity of o is determined by the
relative levels of o and RseA in the cell because RseA
binds directly to o® to inhibit the activity of the o factor
(De Las Penas et al. 1997b; Missiakas et al. 1997). To test
this idea, we used Western blot analysis to determine
whether the levels of RseA or ¢ change upon induction
of the stress response. The stress response was induced
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in these experiments by overexpression of the outer
membrane protein OmpC (Mecsas et al. 1993). Within 3
min of initiating the stress response, the level of RseA
drops [2.5-fold and then increases slowly over the next
150 min (Fig. 1A). In contrast, the level of oF increases
steadily (Fig. 1A). In unstressed cells, the levels of RseA
and oF remain constant over the time course of the ex-
periment (data not shown). ¢ activity, as measured by
the rate of synthesis of B-galactosidase from a single-
copy o®-dependent lacZ reporter gene (Mecsas et al.
1993), correlates with these alterations in levels of RseA
and o* over the course of the stress response. o® activity
initially increases rapidly and then continues to increase
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Figure 1. Steady-state levels of of and RseA, and EoF activity
during the stress response. (A) Steady-state levels of RseA and
oF during the extracytoplasmic stress response. Wild-type cells
containing pompC (CAG45025) were grown to early-log phase
and IPTG added at t = 0 to induce overexpression of OmpC. The
levels of RseA (M) and of (A) were determined by Western blot
analysis as described in Materials and Methods. The amount of
each protein at a given time was normalized to the amount of
that protein at time t = 0. A representative data set is shown. (B)
Ec® activity during the extracytoplasmic stress response. Wild-
type cells containing pompC (CAG45025) were grown to early-
log phase and IPTG was added at t = 0. E¢® activity was deter-
mined at various time points by measuring the rate of synthesis
of B-galactosidase (O) from a single-copy oF-dependent lacZ re-
porter gene in ®\[rpoHP3-lacZ] using the pulse-labeling proto-
col described in Materials and Methods. The synthesis rate
shown for B-galactosidase is normalized to the synthesis rate of
the protein at t = 0. A representative data set is shown.



more slowly for the first 60 min, eventually reaching
rates 5- to 10-fold greater than those in unstressed cells
(Fig. 1B; data not shown). The initial rapid increase in ¢®
activity correlates with the immediate decrease in RseA
levels following induction, and the slow rise that follows
correlates with the increase in oF levels (Fig. 1, cf. A and
B). These results show that both the decreased level of
RseA and the increased level of o contribute to the in-
crease in o” activity observed following initiation of the
stress response.

Induction of the stress response is not due to changes
in the relative rates of synthesis of o and RseA

Changes in the cellular levels of RseA and o after over-
expression of OmpC could result either from altered
rates of synthesis, degradation, or both. Given the very
rapid decrease in RseA levels, it seems unlikely that al-
terations in synthesis alone account for this dramatic
change. Examination of the rates of synthesis of ¢* and
RseA by pulse-labeling immunoprecipitation revealed
that the rates of synthesis of both proteins increase over
the first 60 min after induction, with a 2- to 4-fold in-
crease in RseA synthesis and a 1.5- to 4-fold increase in
oF synthesis (Fig. 2; data not shown). Because the rates of
synthesis of ¢ and RseA increase simultaneously, the
change in their relative cellular levels following induc-
tion is not achieved by differential synthesis.

Pre-existing and newly synthesized RseA are degraded
rapidly under stress conditions

RseA is likely to be preferentially degraded in response
to extracytoplasmic stress because changes in its rate of
synthesis cannot explain the drop in cellular level of
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Figure 2. Synthesis of of and RseA during the extracytoplas-
mic stress response, induced in wild-type cells containing
pompC (CAG45025) by the addition of IPTG at t = 0. The rates
of synthesis of o& (A) and RseA (M) at various time points after
induction were determined by pulse labeling as described in
Materials and Methods. The rate at each time point for a given
protein was normalized to the initial rate for that protein at
t = 0. A representative data set is shown.
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Figure 3. RseA stability under stress and nonstress conditions.
(A) The stability of RseA synthesized after initiation of the
stress response in cells overexpressing OmpC. Wild-type cells
containing pompC (CAG45025, W) or vector alone (CAG45027,
) were grown to early log phase, and the stress response was
initiated by the addition of IPTG to induce expression of OmpC.
After 10 min of induction, the cells were pulse-labeled with
[°S]Jmethionine followed by a chase of cold methionine and
cysteine. The stability of RseA was determined as described in
Materials and Methods. A representative data set is shown. (B)
The stability of RseA synthesized after temperature upshift.
Wild-type cells (CAG16037) were grown to early log phase and
either left at 30°C (¢ ) or shifted to 43°C ( 4 ). Five minutes after
shift to high temperature the cells were pulse-labeled with
[°S]methionine, followed by a chase of cold methionine and
cysteine. The stability of RseA was determined as described in
Materials and Methods. A representative data set is shown.

RseA observed following induction. To examine this
possibility, we compared the half-life of RseA before and
after initiation of the stress response. The stress response
was initiated by either the overexpression of OmpC at
30°C or temperature upshift from 30°C to 43°C. The
half-life of RseA in unstressed cells growing at 30°C is
44.3 + 6.1 min (Fig. 3A; Table 1) and is dramatically re-
duced upon exposure to stress. Overexpression of OmpC
leads to an 8.6-fold decrease in the half-life of RseA
(t;/o = 5.2 2.7 min; Fig. 3A; Table 1). RseA continues to
be degraded rapidly up to 150 min after the induction of
the stress response (data not shown). Similarly, tempera-
ture upshift leads to a 14.3-fold decrease in the half-life
of RseA (t;,, =3.1+1.4 min; Fig. 3B; Table 1). These
results show that RseA synthesized after initiation of the
stress response is degraded rapidly.
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Table 1. Half-lives of RseA under stress and nonstress
conditions

Half-life of RseA?

Relevant genotype Growth condition (min)

Wild type no stress 44.3 + 6.1

Wild type pompC overproduction 52+2.7
of OmpC

Wild type 30°C - 43°C 31+14

surA- no stress 89+1.0

ArseB no stress 18.6 +3.1

“Half-lives were determined from a minimum of three indepen-
dent experiments.

To determine whether pre-existing RseA is also de-
graded, we asked whether RseA that is labeled prior to
initiation of the stress response is degraded rapidly fol-
lowing exposure to stress. Pre-existing RseA is degraded
at approximately the same rate as newly synthesized
RseA whether the stress response is induced by overex-
pression of OmpC or shift to high temperature (Fig.
4A,B). These results indicate that the immediate de-
crease in the cellular concentration of RseA following
stress is a consequence of its rapid degradation. o, on
the other hand, is stable under nonstress conditions, and
its stability remains unchanged after temperature up-
shift (data not shown). Therefore, increased cellular lev-
els of o® following stress are a consequence of increased
synthesis. In addition, these experiments allow us to es-
timate that the lag between induction of the stress re-
sponse and degradation of RseA is <3 min.

RseA stability is altered under conditions
of constitutive stress

If RseA stability is the major determinant of ¢ activity
in the cell, then the half-life of RseA might be decreased
in cells in which ¢F activity is constitutive. Deletion of
the gene encoding the periplasmic peptidyl prolyl isom-
erase SurA leads to a constitutive five- to sevenfold in-
duction of oF activity (Missiakas et al. 1996; Rouviere
and Gross 1996). RseA is unstable in surA~ cells, with a
half-life of 8.9 + 1.0 min (Fig. 5A; Table 1). This 5.0-fold
decrease in the half-life of RseA reflects the five- to sev-
enfold increase in o® activity observed in surA~ strains
(Missiakas et al. 1996; Rouvieére and Gross 1996) and
supports the idea that the regulated stability of RseA is
the major mechanism for adjusting oF activity in the
cell.

RseB stabilizes RseA

It is likely that RseB exerts a negative regulatory effect
on ¢ by modulating RseA activity through its interac-
tion with the periplasmic domain of RseA. One possibil-
ity is that this interaction protects RseA from degrada-
tion. The half-life of RseA in ArseB cells is 18.6 + 3.1 min
(Fig. 5B; Table 1) or 2.4-fold lower than in wild-type cells.
The magnitude of this effect is consistent with the two-
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fold increase in o activity observed in ArseB cells (De
Las Penas et al. 1997b; Missiakas et al. 1997). These re-
sults indicate that RseB stabilizes RseA under nonstress
conditions.

Deg$ is required for wild-type o® activity

It is likely that an extracytoplasmic protease initiates
the degradation of RseA because the signal initiating the
oF-dependent response is generated in the periplasmic
compartment. Loss of this protease should stabilize
RseA, causing an increase in the intracellular concentra-
tion of RseA and a concomitant decrease in o activity.
Because RseA is degraded even under nonstress condi-
tions, loss of the protease that degrades RseA should de-
crease the basal activity of oF. To identify the protease
responsible for the degradation of RseA, we asked
whether deletions of any of the known extracytoplasmic
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Figure 4. The stability of RseA synthesized prior to initiation
of the stress response. Cells containing pompC (CAG45025, H)
or wild-type cells (CAG16037, 4)were grown to early log phase
and pulse-labeled with [**S]methionine, followed by a chase of
cold methionine and cysteine. At the indicated times, IPTG was
added to induce overexpression of OmpC (A) or the cells were
shifted from 30°C to 43°C (B). The stability of RseA was deter-
mined as described in Materials and Methods. A representative
data set is shown.
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Figure 5. RseA stability under conditions of constitutive acti-
vation of o®. (A) RseA stability in cells lacking the periplasmic
peptidyl prolyl isomerase SurA. surA~ (CAG24029, &) or iso-
genic wild-type cells (CAG16037, ¢) were grown to early log
phase and then pulse-labeled with [*°SJmethionine, followed by
a chase of cold methionine and cysteine. The stability of RseA
was then determined as described in Materials and Methods. A
representative data set is shown. (B) RseA stability in cells lack-
ing RseB. ArseB cells (CAG22951, 4) or isogenic wild-type cells
(CAG16037, ©) were grown to early log phase and then pulse-
labeled with [**S]methionine, followed by a chase of cold me-
thionine and cysteine. The stability of RseA was then deter-
mined as described in Materials and Methods. A representative
data set is shown.

proteases altered ¢® activity under nonstress conditions.
oF activity was determined by monitoring B-galactosi-
dase expression from a single-copy o®-dependent lacZ
reporter gene. Deletion of degP has been shown previ-
ously to have no effect on oF activity (Mecsas et al. 1993),
and deletion of the genes encoding the Prc (Tsp), OmpT,
and DegQ proteases similarly showed little or no effect
on basal ¢ activity (Fig. 6A). In contrast, deletion of the
gene encoding the putative protease DegS resulted in a
fivefold decrease in basal ¢® activity in early log phase
cells and eliminated the growth phase regulation that
leads to a large increase in oF activity as cells approach
stationary phase (Fig. 6A,B). These results show that
DegS has a role in regulating the basal activity of ¢*.
DegS is a putative inner membrane protein and shows
a high degree of homology to the large family of HtrA
serine proteases (Bass et al. 1996; Waller and Sauer 1996;

Control of the of-dependent stress response

Pallen and Wren 1997). Although it has not been shown
formally to possess proteolytic activity, it is likely that
DegS is a protease, as the sequences surrounding the pre-
dicted catalytic triad are highly conserved (Bass et al.
1996; Waller and Sauer 1996; Pallen and Wren 1997). To
determine whether the putative proteolytic activity of
DegS is required for o™ activity, we asked whether an
active-site mutant of degS could restore ¢® activity to
cells lacking degS. Introduction of an alanine residue in
place of the putative active-site serine of a plasmid-en-
coded degS gene resulted in a mutant protein that failed
to complement the loss of ¢ activity observed in Adeg$S
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Figure 6. Eo" activity in cells lacking various extracytoplas-
mic proteases. (A) Eot activity in strains lacking the extracyto-
plasmic proteases Prc (Tsp), DegQ, OmpT, or DegS. Eo® activity
was assayed by monitoring B-galactosidase activity produced
from a single copy ®\rpoHP3-lacZ] fusion in wild-type
(CAG16037, ), and the isogenic Aprc3::Km (CAG33314, <),
degQ2::Km (CAG33397, O), ompT::Km (CAG33263, A), and
AdegS (CAG33315, 0 ) strains. B-Galactosidase assays were per-
formed as described in Materials and Methods. A representative
data set is shown. (B) Eo® activity in cells lacking DegS. Ec*®
activity was assayed in wild-type (CAG33385, OJ) and isogenic
AdegS (CAG33391, ¢ ) strains carrying vector alone as well as in
AdegS cells carrying the plasmid pdegS (CAG33393, O) or pdegS
S201A (CAG33382, A). A representative data set is shown.
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cells (Fig. 6B). In contrast, a plasmid encoding wild-type
DegS restored o activity to these cells (Fig. 6B). Western
blot analysis confirmed that the mutant DegS protein
accumulated to a level similar to that of the plasmid-
expressed wild-type protein (data not shown), indicating
that its inability to restore oF activity is not due to rapid
degradation of the mutant protein. These results suggest
that the putative proteolytic activity of DegS is required
for oF activity under nonstress conditions but do not rule
out the possibility that DegS may possess other impor-
tant biochemical activities.

Cells lacking degS show an obvious slow growth phe-
notype, accumulate rapidly growing suppressors, and
grow poorly in minimal medium (Waller and Sauer 1996;
B.M. Alba, unpubl.). Because a plasmid encoding degS
fully restores ¢ activity to AdegS cells, alterations in o*
activity result from the AdegS allele rather than some
other mutation present in these cells. However, the
growth properties of AdegS strains render them exceed-
ingly difficult to work with so we sought conditions un-
der which the AdegS allele is stable. Because oF is an
essential o factor (De Las Penas et al. 1997a) and degS is
required for wild-type oF activity, we hypothesized that
the instability of AdegS strains results from the fact that
their low level of ¢® activity is barely sufficient for vi-
ability. A suppressor that allows cells lacking ¢® to grow
has been identified previously (De Las Penas et al.
1997a), and this suppressor might stabilize cells lacking
degS by lowering their requirement for ¢®. AdegS cells
containing this suppressor grow well in minimal media
and do not readily accumulate additional rapidly grow-
ing suppressors (B.M. Alba, unpubl.). This result provides
a background in which the AdegS allele is stable and
supports the idea that DegS is involved in the regulation
of of. All subsequent experiments involving the AdegS
allele were performed in sup strains.

DegS is required for activation of oF activity under
stress conditions

The observation that DegS is required for o activity
under nonstress conditions supports a role for Deg$S in
the basal degradation of RseA but does not indicate
whether DegS is similarly involved in the regulated deg-
radation of RseA in response to stress. To determine
whether DegS is required for signal transduction to oF,
we monitored ¢® activity in AdegS cells in response to
overexpression of OmpC (Table 2). ¢® activity is induced
in response to overexpression of OmpC in sup strains,
indicating that the signal transduction pathway is intact
in cells containing the suppressor. In contrast, isogenic
AdegS cells show no induction of ¢® in response to over-
expression of OmpC. A plasmid encoding wild-type
DegS, but not the putative active site mutant, restores o*
induction significantly to these cells. Cell fractionation
experiments confirmed that OmpC is overexpressed and
properly localized to the outer membrane in cells lacking
DegS, arguing that the failure to induce oF is not due to
aberrant sorting of the signal molecule in this genetic
background (data not shown).
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Table 2. DegS is required for signal transduction to o

Induction
Relevant of Eo® Fold
Strain genotype® OmpC activity  induction
CAG41073  degS* - 8
+ 306 38
CAG43150 AdegS - 2
+ 3 1.5
CAG43133 AdegS pdegS - 6
+ 64 11
CAG43134  AdegS pdegS
S201A - 2
+ 1 0.5
CAG43132  AdegS pSU21 - 3
+ 1 0.3
CAG43126 degS* pSU21 - 35
+ 202 6°

Ec® activity was measured by monitoring B-galactosidase activ-
ity from a single copy of-dependent lacZ reporter gene in
DMN[rpoHP3-lacZ] as described in Materials and Methods.
OmpC expression was induced by the addition of IPTG as in-
dicated, and fold induction determined by calculating the ratio
of B-galactosidase activity in the presence and absence of IPTG.
2All strains carry the suppressor of ArpoE (sup) and the plasmid
pompC.

PThe basal level of B-galactosidase activity is increased in this
strain. This effect is dependent on the presence of pompC, the
vector plasmid pSU21, and a chromosomal copy of degS. As a
result the fold induction is lower in this strain than in strains
lacking the vector plasmid pSU21 (see first row). Interaction
between the two plasmids in the suppressor strain may also
account for the lack of complete induction in the pdegS$ strain.

DegS is required for the transduction of periplasmic
stress to o

The above results show that DegS is required for signal
transduction to of but do not address the exact role of
this protein in the signal transduction cascade. One pos-
sibility is that DegS has a role in regulating the stability
of RseA and RseA is stabilized in cells lacking DegS.
Consistent with this idea, RseA is stable under nonstress
conditions and is not degraded in response to overexpres-
sion of OmpC in cells lacking DegS (Fig. 7). In contrast,
isogenic cells possessing DegS show regulated proteoly-
sis of RseA (Fig. 7). These results show that DegS is re-
quired for both the basal and regulated degradation of
RseA.

Discussion

In the Gram-negative bacterium E. coli, the extracyto-
plasmic accumulation of misfolded and unfolded protein
generates a signal that is transmitted across the inner
membrane to induce the activity of the stress-responsive
o factor of. Induction of ¢® leads to the increased
production of several periplasmic proteins, including
the periplasmic protease DegP (Erickson and Gross
1989) and the periplasmic peptidyl-prolyl isomerase
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Figure 7. RseA stability in cells lacking DegS. sup degS*
(CAG41073, W) or sup AdegS (CAG43150, O) cells were grown
to early log phase, and the stress response was initiated by the
addition of IPTG to induce expression of OmpC. Five minutes
after induction of the stress response the cells were pulse-la-
beled with [**SJmethionine, followed by a chase of cold methi-
onine and cysteine. The stability of RseA was determined as
described in Materials and Methods. A representative data set is
shown. The stability of RseA in sup-containing cells is greater
than that in wild-type cells, consistent with the lower basal
activity of o® in sup-containing cells (data not shown).

FkpA (Missiakas et al. 1996; Danese and Silhavy 1997),
which help to maintain cellular integrity under stress
conditions. The central regulatory molecule in this sig-
nal transduction cascade is the inner membrane anti-o
factor RseA. Here we show that RseA is degraded rapidly
upon initiation of the stress response, leading to an in-
crease in the free pool of ¢ and transcriptional induction
of oF and its regulon. Furthermore, we present several
lines of evidence that the regulated proteolysis of RseA is
initiated by the recently described putative inner mem-
brane protease DegS.

Mechanism of of activation

Our experiments indicate that regulated proteolysis of
RseA initiates the cascade of events that results in in-
creased oF activity during the stress response. RseA is
degraded rapidly following heat shock, a general inducer
of the stress response, or overexpression of OmpC, a spe-
cific inducer of the extracytoplasmic stress response.
This result implies either that both types of inducers
generate the same signal or that the two pathways con-
verge immediately prior to or at the level of RseA deg-
radation.

Data presented here also indicate that the observed
increase in o activity after stress can be explained by an
increase in the free pool of o® that is transcriptionally
active because it is not complexed with RseA. According
to this model, the majority of oF in the unstressed cell is
present in an inactive RseA/c® complex. Immediately
upon induction of the stress response, the pool of free o®
increases rapidly due to loss of RseA. At later times, the
free pool of oF is sustained by the increased synthesis of

Control of the of-dependent stress response

of. Immediately following initiation of the stress re-
sponse, the cellular level of RseA in stressed cells is two-
to fourfold lower than in unstressed cells. This is a con-
sequence of a ninefold increase in its rate of degradation
coupled with a two- to fourfold increase in its rate of
synthesis. Concomitantly, the cellular level of ¢F in-
creases about threefold as a result of increased synthesis.
Taken together, this leads to a 5- to 10-fold increase in
the amount of free oF in the cell, consistent with the 5-
to 10-fold increase in o® activity observed after induction
of the stress response.

There may be additional levels of regulation. The
rpoEP2 promoter, which controls the synthesis of o and
RseA shows lower induction than other ¢®-dependent
promoters (Rouviere et al. 1995). This is true whether
protein synthesis or RNA transcript level is measured
(Rouviere et al. 1995, this work). Further studies will be
necessary to determine whether poor induction of
rpoEP2 is simply a consequence of its intrinsic strength
or reflects additional levels of regulation at this pro-
moter.

Mechanism of RseA degradation

It is likely that RseA is degraded from or initially cleaved
at its periplasmic side because the signal responsible for
activating the o®-mediated response is generated in the
periplasm. No major degradation fragments of RseA have
been detected in vivo, suggesting that degradation of the
periplasmic domain also triggers proteolysis of the cyto-
plasmic domain of RseA. Previous work has shown that
the isolated cytoplasmic domain of RseA acts as an ef-
fective anti-o factor (De Las Penas et al. 1997b; Mis-
siakas et al. 1997), further supporting the notion that the
entire protein needs to be degraded to induce the stress
response. The observation that truncation of the
periplasmic domain of the Pseudomonas aeruginosa
RseA homolog MucA leads to constitutive activity of its
cognate o factor (Martin et al. 1993; Boucher et al. 1997)
further supports the idea that clipping of the periplasmic
domain is sufficient to inactivate this anti-o factor, po-
tentially by triggering proteolysis of the entire protein. It
is possible that RseA is pulled from the membrane dur-
ing proteolysis and degraded completely by a single pro-
tease. Alternatively, a second protease could degrade the
cytoplasmic domain of RseA. Either the clipped frag-
ment of RseA is a good target for cytoplasmic proteases
or the activity of such a cytoplasmic protease must be
regulated in concert with the activity of the protease
responsible for the initial periplasmic clipping of RseA.

Cellular role of DegS

Data presented here indicate that DegS is required for
both steady-state and regulated degradation of RseA be-
cause RseA is stable in cells lacking DegS under both
stress and nonstress conditions. As a consequence, un-
stressed cells lacking DegS exhibit low oF activity, and
o can no longer be induced in response to extracytoplas-
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mic stress. The simplest model explaining these obser-
vations is that DegS degrades RseA directly. Although
DegS has not been shown formally to possess proteolytic
activity, the finding that its putative active site serine is
required for wild-type regulation of oF argues strongly
that the role of DegS in this signal transduction cascade
is proteolytic. Consistent with this idea, topology pre-
dictions suggest that the active site of DegS faces the
periplasm, perfectly situating the catalytic triad to carry
out the proposed initial cleavage of RseA that triggers
the stress response. We cannot rule out the possibility
that DegS affects RseA stability indirectly. For example,
DegS could regulate the level of extracytoplasmic signal
or the activity of a second protease. Unambiguous iden-
tification of the protease responsible for the regulated
degradation of RseA awaits direct evidence of a func-
tional interaction between such a protease and RseA.
Many of the well-studied cytoplasmic proteases carry
dual regulatory and housekeeping functions (Gottesman
1996). In addition to the regulatory function identified
here, DegS may also possess housekeeping functions.
The identification of additional DegS substrates will
help to further define the cellular role(s) of this protein.

Mechanism of action of RseB

Our results suggest a potential mechanism of action for
RseB, an additional regulator of o that binds to the
periplasmic domain of RseA. RseB may act to block ac-
cess of the protease to RseA, leading to stabilization of
the anti-o factor. In a manner similar to the titration of
DnaK and DnaJ away from ¢3* by the accumulation of
misfolded proteins in the cytoplasm (Straus et al. 1990;
Craig and Gross 1991; Bukau 1993), RseB may be titrated
off of RseA by misfolded proteins accumulating in the
periplasm, triggering the degradation of RseA and initia-
tion of the o®-directed stress response. Because deleting
RseB has only a small (twofold) effect on the stability of
RseA, additional mechanisms must destabilize RseA
upon induction. Identification of other molecules that
interact with RseB and determination of the fate of RseB
after initiation of the stress response will help to clarify
the role of this protein in the signal transduction cas-
cade.

Mechanism by which extracytoplasmic stress is sensed

The exact nature of the signal that initiates the extracy-
toplasmic stress response and how this signal results in
the regulated degradation of RseA are unknown. Prote-
olysis of RseA is maximal by 3 min after overexpression
of OmpC, at which time very little OmpC has accumu-
lated in the periplasm. On the other hand, by 3 min, the
flux of OmpC through the inner membrane is maximal
as the export of secreted proteins is rapid, with a half-life
of <30 sec (Randall and Hardy 1986). These observations
suggest that at least one signal for the response is
coupled to an event that happens during or immediately
following transit of outer membrane proteins through
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the inner membrane. Overexpression of periplasmic pro-
teins in general does not induce the o®-mediated stress
response (Mecsas et al. 1993), arguing that titration of
the secretion machinery is not the mechanism by which
the response is initiated. Studies of the outer membrane
protein folding pathway in cells lacking the periplasmic
peptidyl-prolyl isomerase SurA suggest that the signal is
generated after translocation and prior to formation of
the folded monomer species (Rouviere and Gross 1996).
Further elucidation of the outer membrane protein fold-
ing pathway will help to identify additional steps in this
process that might be monitored by the extracytoplas-
mic stress response.

The signal leading to RseA degradation could be
sensed directly by RseA or the protease responsible for
RseA degradation. Interaction of the signal molecule
with RseA could render the protein susceptible to prote-
olysis by modification, conformational change, or a
change in oligomeric state. For example, overexpression
of outer membrane proteins might lead to an accumula-
tion of unfolded precursors exiting the inner membrane,
and these unfolded species might interact directly with
RseA to promote its degradation. Alternatively, or in ad-
dition to interacting directly with RseA, these unfolded
signal molecules could also activate the protease directly
as they transit the membrane.

Rather than being sensed directly by RseA or the pro-
tease, the signal leading to RseA degradation could be
sensed indirectly. In a manner similar to the ¢**>-medi-
ated cytoplasmic response, cells may indirectly monitor
extracytoplasmic protein folding and the accumulation
of misfolded molecules by sensing the levels of free
periplasmic folding agents such as SurA, FkpA, and
PpiD, as well as RseB. These proteins could be titrated
off of RseA by the accumulation of misfolded substrates,
rendering RseA susceptible to degradation. Alterna-
tively, or in addition to interacting with RseA, these
folding proteins might bind to the protease responsible
for RseA degradation, inhibiting its proteolytic activity
under nonstress conditions. According to this model, ti-
tration of these folding molecules by misfolded sub-
strates would then lead to activation of the protease.

These titration models accommodate the observed ra-
pidity of the response and allow for the response to be
varied under different conditions. Periplasmic folding
agents are likely to interact with outer membrane pro-
teins as they leave the inner membrane to traffic them
properly. Those protein-folding agents bound to RseA or
the protease could be in spatial proximity to the exiting
outer membrane proteins and interact with them prefer-
entially, leading to the rapid destabilization of RseA. If
several proteins must be titrated, a variable response
could be generated. The fact that deletion of the genes
encoding SurA, FkpA, PpiD, and RseB leads to an induc-
tion of o® activity is consistent with their involvement
in the signal transduction cascade and the observation
that the effects of double mutants in several of these
proteins are additive further supports a titration model
(Raina et al. 1995; Dartigalongue and Raina 1998). Iden-
tification of molecules interacting with RseA or DegS



under nonstress and stress conditions will help to differ-
entiate among the various models of signal transduction.

Implications for related signal transduction pathways

oF belongs to a family of ¢’%like factors known as ex-
tracytoplasmic function (ECF) o, whose cellular func-
tions are related to extracytoplasmic processes (Lonetto
et al. 1994), and homologs of the ¢® operon are found in
many other Gram-negative bacteria, including several
human pathogens. Salmonella typhimurium lacking o®
are more susceptible to antimicrobial peptides and have
reduced ability to colonize host organs (Humphreys et al.
1999), suggesting that the o* regulon plays a role in bac-
terial survival in the host. In P. aeruginosa, the oF ho-
molog AlgU transcribes genes necessary for the produc-
tion of the exopolysaccharide alginate and is negatively
regulated by the Rse homologs MucA and MucB (Mar-
tinez-Salazar et al. 1996; Schurr et al. 1996; Xie et al.
1996). Chronic P. aeruginosa lung infection in patients
with cystic fibrosis is associated with the development
of a mucoid bacterial phenotype that is caused by over-
production of alginate. Interestingly, MucA is mutation-
ally inactivated in the majority of isolates obtained from
the lungs of these patients (Martin et al. 1993; Boucher et
al. 1997). The resulting high activity of AlgU leads to
very high levels of alginate and the mucoid phenotype,
which has been proposed to protect P. aeruginosa from
both exogenous antibiotics and host immune defenses
(Anwar et al. 1992; Deretic et al. 1994). Given the simi-
larities between the o® and AlgU operons and what is
known about their regulation, it is likely that the signal
transduction pathways are conserved. Light-induced ca-
rotenogenesis in Myxococcus xanthus is controlled by
the ECF o CarQ, whose activity, in turn, appears to be
negatively regulated by the inner membrane protein
CarR (Gorham et al. 1996). The finding that a CarR-LacZ
fusion protein is detectable only in dark-grown and not
light-grown cells suggests that, like RseA, the activity of
CarR might be regulated at the level of stability (Gorham
et al. 1996). This observation is particularly intriguing as
RseA and CarR share no obvious sequence or structural
similarities and suggests that proteolysis may be a com-
mon mechanism for regulating the activity of ECF anti-o
factors.

Materials and methods

Media, reagents, and enzymes

Luria-Bertani (LB) and M9 minimal medium were prepared as
described (Sambrook et al. 1989). M9 was supplemented with
0.2% glucose, 1 mm MgSO,, 2 ug/ml thiamine, and all amino
acids (40 pg/ml), except for media used in pulse-labeling experi-
ments, in which methionine and cysteine were not added. In
addition, AdegS cells were grown in M9 titrated to pH 7.5 with
Tris base. Where needed, medium was supplemented with 30
pg/ml kanamycin (Km), 20 pg/ml chloramphenicol (Cm), and/
or 100 pg/ml ampicillin (Ap).

Control of the o®-dependent stress response

Strains

Bacterial strains used in this study are described in Table 3.
Their construction is described briefly below.

ompT::Km (Akiyama and Ito 1996) and Aprc3::Km (Silber and
Sauer 1994) alleles were moved by P1 transduction into strain
CAG16037 as described previously (Miller 1972). The
degQ2:Km strain carrying the oF-dependent reporter gene
(CAG33397) was created by lysogenizing PW152 (Waller and
Sauer 1996) with ®NrpoHP3-lacZ] (Mecsas et al. 1993). A
AdegS strain (CAG33315) carrying the o®-dependent reporter
gene ON[rpoHP3-lacZ] was constructed in two steps. PW149
(Waller and Sauer 1996) was first lysogenized with ®\[rpoHP3-
lacZ], creating CAG33304. CAG33304 was then cured of the
degS-encoding plasmid pPW142 (Waller and Sauer 1996), which
contains a temperature-sensitive origin of replication by the
following procedure: CAG33304 was grown overnight at 37°C
in LB and the resulting culture plated on LB at 30°C for single
colonies. Single colonies were then screened for plasmid loss
(Cm sensitivity) at 30°C on LB Cm plates. Cm-sensitive colo-
nies were then screened by PCR to confirm loss of the wild-type
allele of degS. The sup pompC AdegS strain (CAG43150) was
constructed as follows: The AdegS allele of CAG33315 was
tightly ((P0%) linked to argR::trimethoprim (Tian and Maas
1994) through P1 transduction, resulting in CAG43097. Next,
sup pompC cells (CAG41073) were transduced with a
CAG43097 P1 lysate, and trimethoprim-resistant transductants
were selected on M9 minimal media plates lacking L-arginine
and supplemented with 5 pg/ml trimethoprim. Colonies were
screened by PCR to verify cotransduction of the AdegS allele.

Plasmids

Plasmids used in this study are listed in Table 3. pEMC1 (Ca-
tron and Schnaitman 1987) contains the ompC gene cloned into
the expression vector pKK223-3 (Amersham Pharmacia Bio-
tech). pLC259 was created by PCR amplification of the deg$
gene and its promoter from MC1061 chromosomal DNA using
Pfu polymerase and the primers DEGS74 (5'-GCTCTAGAT-
GTCGTAAACCGGGCATCAGG) and DEGS75 (5'-GGGG-
TACCGAGCGCACGACTTAATTGGTTG). The resulting
fragments were then digested at restriction sites Xbal and Kpnl
(indicated by underlining) and cloned into the corresponding
sites of the general cloning vector pSU21 (Bartolomé et al. 1991).
pLC261 was constructed by creating a point mutation at codon
201 of degS, altering serine 201 to alanine. Primer pairs DEGS78
(5'-CCACGGTAACGCTGGCGGCGC|/DEGS69 (5'-CAGTT-
GATCTATACCACCGC) and DEGS79 (5'-GCGCCGCCAGC-
GTTACCGTGG)/DEGS68 (5-TTGACAGTACCGATGAGA-
CG) were amplified from pLC259, creating two separate PCR
fragments containing the point mutation. These fragments were
then joined by PCR using primers DEGS69 and DEGS68. A
370-bp BamHI-BssHII fragment containing the point mutation
was then subcloned from the joined PCR fragment back into
pLC259 to create pLC261. The point mutation creates a Mwol
restriction site, and the presence of the mutation was confirmed
by restriction digest. The sequences of degS in pLC259 and
pLC261 were confirmed by DNA sequencing.

Western blot detection of of and RseA

Cells were grown in M9 minimal media at 30°C and 1-ml
samples taken in duplicate at various time points. Proteins were
precipitated by the addition of TCA to a final concentration of
5% and then resuspended directly in Laemmli sample buffer.
Samples were loaded onto Tris-glycine SDS gels such that ex-
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Table 3. Strains and plasmids used in this study

Strain/plasmid Relevant genotype Source/reference
Strain
BL21(DE3) hsdS gal ompTry my~ (DE3 PlacUV5::T7 polymerase) Studier and Moffatt (1986)
MC1061 araD A(ara-leu)7697 AlacX74 galU galK hsr hsn strA Casadaban and Cohen (1980)
CAG16037 MC1061 ®\[rpoH P3::lacZ) Mecsas et al. (1993)
CAG22951 16037 ArseB nadB-3140::Tn10, Tc® De Las Penas et al. (1997D)
CAG24029 MC1061 surA:Tn10dCm, Cm® Rouviere and Gross (1996)
CAG33149 BL21(DE3) pLC234, Km® DeLas Penas et al. (1997b)
PW149 MC1061 AdegS pPW142 Waller and Sauer (1996)
CAG33304 PW149 ®OMNrpoHP3::lacZ], Cm® this work
CAG33263 16037 ompT::Km, Km® this work
CAG33314 16037 Aprc3::Km, Km® this work
CAG33315 MC1061 ®\NrpoH P3::lacZ] AdegS this work
CAG33382 33315 pPLT13 pLC261, Km® Cm® this work
CAG33385 16037 pPLT13 pSU21, Km® Cm® this work
CAG33391 33315 pPLT13 pSU21, Km® Cm® this work
CAG33393 33315 pPLT13 pLC259, Km® Cm~® this work
CAG33397 MC1061 ®\[rpoH P3::lacZ] degQ::Km, Km® this work
CAG41073 16037 sup pPLT13 pEMC1, Km® Ap® this work
CAG43097 33315 argR::trimethoprim, Tri® this work
CAG43126 41073 pSU21, Ap® Km® Tri® Cm® this work
CAG43132 43150 pSU21, Ap® Km® Tri® Cm® this work
CAG43133 43150 pLC259, Ap® Km® Tri®* Cm® this work
CAG43134 43150 pLC261, Ap® Km® Tri®* Cm® this work
CAG43150 41073 AdegS argR::trimethoprim, Ap® Km® Tri® this work
CAG45025 16037 pPLT13 pEMC1, Km® Ap® this work
CAG45027 16037 pPLT13 pKK223-3, Km® Ap® this work
Plasmid
pKK223-3 IPTG-inducible expression vector with tac promoter, Ap® Amersham Pharmacia Biotechnology
pEMC1? ompC in pKK223-3, Ap® Catron and Schnaitman (1987)
pLC234 periplasmic domain of rseA fused to an amino-terminal
6-histidine tag in pET28b, Km® De Las Pefias et al. (1997b)
pSU21 cloning vector, p15A ori, Iac promoter, Cm® Bartolomé et al. (1991)
pLC259° degS and degS promoter in pSU21, Cm® this work
pLC261°¢ degS S201A and degS promoter in pSU21, Cm® this work
pPW142 degS in pMAK705, Cm® Waller and Sauer (1996)
pPLT13 mini-F carrying lacl4, Km® Tavormina et al. (1996)

“Referred to as pompC in text.
PReferred to as pdegs$ in text.
“Referred to as pdegS S201A in text.

tracts from equal numbers of cells were loaded in each lane.
Western transfer was done according to standard methods (Har-
low and Lane 1988). The blots were probed with 1:10,000 dilu-
tions of polyclonal antibodies to the following: of, the periplas-
mic domain of RseA, the cytoplasmic domain of RseA, and
maltose binding protein (MBP). Anti-rabbit immunoglobulin ra-
diolabeled with S (Amersham Pharmacia Biotech) was used as
the secondary antibody. Bands were visualized using the Mo-
lecular Dynamics Storm 560 Phosphorlmager scanning system,
and the intensity of the bands quantified using the program
ImageQuant 1.2. Band intensities of duplicate samples were av-
eraged. To control for loading inconsistencies, this average was
then normalized to the intensity of MBP in those lanes.

Determination of the half-life of RseA
by pulse-chase-immunoprecipitation

All strains to be assayed were grown at 30°C to an OD,s, of
0.15-0.3 in M9 minimal media lacking methionine and cysteine
except AdegS strains, which were grown in M9 (pH 7.5) lacking
methionine and cysteine. Cells were pulse-labeled for 1 min
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with EasyTag Expre3°S®°S protein labeling mix (NEN Life Sci-
ences Products). An 800-ul sample was then removed and a cold
chase of methionine and cysteine was added to a final concen-
tration of 0.1%. Samples of 900 pl were removed at indicated
times after the chase. To initiate the extracytoplasmic stress
response at the appropriate time either before or after addition
of the protein labeling mix, the temperature was shifted to 43°C
or ompC expression was induced by the addition of IPTG to 2
mm. All samples were added to 100 pl of ice-cold 50% TCA and
incubated on ice for >15 min. Samples were centrifuged to pellet
the precipitated proteins and pellets were resuspended by vor-
texing and boiling for 5 min in 50 ul of 50 mm Tris-HCI (pH 7.5),
2% SDS, 1 mm PMSF, and 10 mm EDTA. The amount of 750 ul
of RIPA buffer (50 mm Tris at pH 7.5, 150 mm NaCl, 1% sodium
deoxycholate, 1% Triton X-100, 0.1% SDS) was then added to
the samples, and a 5-pl aliquot of each was counted in a scin-
tillation counter. To normalize the samples to the total amount
of protein, equal numbers of counts per minute were immuno-
precipitated in a total volume of 500 ul using 2 ul of a polyclonal
antibody raised against the periplasmic domain of RseA and 25
ul of a 1:1 suspension of protein A-conjugated Sepharose beads



in RIPA buffer. As an internal control, an aliquot of an extract
derived from pulse-labeled cells overexpressing the periplasmic
domain of RseA (strain CAG33149) was added to each sample
prior to immunoprecipitation. The samples were rocked at 4°C
for 1-3 hr, and the beads and associated immune complexes
were harvested by centrifugation and washed three times with
900 pl of RIPA buffer. Immunoprecipitated proteins were eluted
from the beads by the addition of 30 pl of Laemmli sample
buffer and boiling for 5 min. The entire sample was then loaded
onto 15% SDS Tris-glycine gels and immunoprecipitated pro-
teins were visualized with the Molecular Dynamics Storm
560 Phosphorlmager scanning system. The intensity of the
band corresponding to full-length RseA protein was normal-
ized to the intensity of the RseA periplasmic domain stan-
dard in each lane after background correction using the program
ImageQuant 1.2. Half-lives were determined by fitting to the
exponential decay equation. Experiments were conducted a
minimum of two times each.

Determination of synthesis rates by pulse-labeling
immunoprecipitation

Cells to be assayed were grown at 30°C in M9 minimal media
lacking methionine and cysteine to OD,5, of 0.15-0.3. At vari-
ous times, 1 ml of the growing culture was added to EasyTag
Expre®°S3°S protein labeling mix and incubated for 1 min. A
30-sec chase was then done with the addition of 100 pl of a 1%
solution of cold methionine and cysteine to ensure the comple-
tion of protein synthesis. Ice-cold 50% TCA (100 ul) was added
and samples were incubated on ice for >15 min, processed, and
immunoprecipitated using polyclonal antisera directed against
of or RseA, or monoclonal antibody against B-galactosidase (5
Prime - 3 Prime, Inc.) as described above for the determination
of the half-life of RseA. Equal numbers of counts per minute
from each sample were immunoprecipiated to control for
changes in cell density over the growth phase. Synthesis rate
experiments were repeated a minimum of two times each.

B-Galactosidase assays

o activity was assayed by monitoring B-galactosidase activity
from a chromosomal o®-dependent lacZ reporter gene in
®N\[rpoHP3-lacZ] as described previously (Miller 1972; Mecsas
et al. 1993). Cells to be assayed were grown at 30°C in LB me-
dium and single point determinations were made at the indi-
cated optical densities. Because o activity and thus the rate of
B-galactosidase synthesis from the o®-dependent reporter gene
increases as the cells enter mid-log phase when grown in LB (J.
Mecsas and C.A. Gross, unpubl.), fold effects were determined
by comparing the slopes of the initial linear portion of the plots
of B-galactosidase activity/0.5 ml cells versus ODgq,. Slopes
were determined by linear regression analysis.
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